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AN NBS PHASE NOISE MEASUREMENT SYSTEM 

BUILT FOR FREQUENCY DOMAIN MEASUREMENTS 
ASSOCIATED WITH THE GLOBAL POSITIONING SYSTEM 

S.R. S t e i n  

ABSTRACT 

A se l f -con ta ined system i s  descr ibed which was cons t ruc ted  t o  per form phase no ise  

measurements f o r  t h e  f i r s t  phase o f  t h e  Global P o s i t i o n i n g  System (GPS): I t i s  capable 

o f  e v a l u a t i n g  a p a i r  o f  s i m i l a r  o s c i l l a t o r s  o r  a s i n g l e  o s c i l l a t o r . a n d  a frequency syn- 
t h e s i z e r  u s i n g  t h e  phase-lock technique.. Three features have been inc luded t o  s i m p l i f y  

the  o p e r a t i o n  o f  the  ins t rument :  i n t e r n a l  c i r c u i t r y  a u t o m a t i c a l l y  de tec ts  an o u t - o f - l o c k  

cond i t ion ;  an op t im ized second o r d e r  phase-lock l o o p  reduces phase e r r o r  by a f a c t o r  o f  

10 over a ' f i r s t  o r d e r  loop; s e l e c t i o n  o f  o p e r a t i n g  mode i s  made by a s i n g l e  f r o n t  panel 
swi tch.  
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I .  INTRODUCTION 

A phase no ise  measurement system (NBS-PNMS) has been desiqned and cons t ruc ted  which 
permi ts  the  measurement o f  the  s p e c t r a l  d e n s i t y  o f  phase f l u c t u a t i o n s  S ( f )  o f  a p a i r  o f  

a p a i r  o f  (10.23 MHz) o s c i l l a t o r s .  

I and 11. Sec t ion  I 1 1  descr ibes t h e  recommended opera t ing  procedure. Sect ion I V  discusses 
the  i n t e r p r e t a t i o n  o f  measurements and Sect ion V gives a c t u a l  no ise  f l o o r  measurements f o r  

r e l a t i v e l y  low s i g n a l  l e v e l s .  The Appendix conta ins  photographs o f  t h e  inst rument  and t h e  

d e t a i  l e d  c i r c u i t  diagrams. 

@ 
The b a s i c  p r i n c i p l e s  o f  opera t ion  are  discussed i n  Sections 

The b lock  diagram.for t h e  measurement system i s  shown i n  F ig .  1. 
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The no ise  vo l tage  s u m d  i n t o  the  l oop  i s  a schematic way o f  rep resen t ing  $,,(t), t h e  open 
loop phase no ise  o f  the  o s c i l l a t o r  under t e s t .  

conta ined i n  t h e  $ re f ( t )  term. 

Phase no ise  i n  t h e  reference o s c i l l a t o r  i s  

This  i s  t h e  general  b lock  diagram f o r  any phase-lock l oop  [l]. 

The purpose of us ing  a phase-lock l oop  i s  s imply  t o  guarantee t h a t  the  two o s c i l l a t o r s  
are on the  average i n  phdse quadrature.  

cosine outputs  o f  t h e  two o s c i l l a t o r s .  

vo l tage  ou tpu t  o f  t h e  phase d e t e c t o r  i s  p r o p o r t i o n a l  t o  the  d i f f e r e n c e  i n  phase between 

the two ou tpu t  s i g n a l s .  

Th is  c o n d i t i o n  i s  i n d i c a t e d  by t h e  s i n e  and 

When t h e  o s c i l l a t o r s  are near  quadrature t h e  

Ana lys i s  o f  the  phase-lock loop y i e l d s  t h e  r e s u l t  [2 ]  

where G ( s )  i s  t h e  open-loop t r a n s f e r  f u n c t i o n  de f i ned  by 
eq 

and an (s) and $ref ( s )  are the  Laplace t ransforms o f  the  corresponding t ime  va ry ing  

q u a n t i t i e s .  We can a l s o  c a l c u l a t e  the  vo l tage  ou tpu t  o f  t h e  phase de tec to r .  

2 With the  spectrum analyzer  we can measure <Vd  > /Hz and we r e l a t e  t h i s  t o  the  mean square 

phase f l u c t u a t i o n s .  We assume t h a t  t h e  phase no ise  o f  the  two o s c i l l a t o r s  i s  n o t  c o r r e l a t e d  

Thus i f  we know the  behavior  o f  G 

a t  the  ou tpu t  o f  the  phase de tec to r  t o  the sum o f  the  spec t ra l  d e n s i t i e s  o f  the  phase no ise  

o f  the  two o s c i l l a t o r s .  

(ju) we can r e l a t e  the  measured spectrum o f  the  vo l tage  
eq 
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11. CHOICE OF LOOP FILTER 

I n  the  past, f o r  the  purpose o f  measuring phase noise,  t he  loop f i l t e r  has u s u a l l y  been 

chosen t o  be a pure gain.  

two o s c i l l a t o r s  a re  o f f s e t  from quadrature by a phase s h i f t  p ropor t i ona l  t o  the  open loop 
frequency d i f f e r e n c e  between them. 

must remove the  frequency o f f s e t  f rom t ime t o  t ime. 
implementation o f  a second order  loop. 

NBS-PNMS t o  achieve the  des i red  frequency response. 

The r e s u l t i n g  f i r s t  o rde r  loop has a s i g n i f i c a n t  drawback -- the  

I n  o rde r  t o  ma in ta in  system c a l i b r a t i o n  the  opera tor  

This problem can be e l im ina ted  by the  

F igure  2 i l l u s t r a t e s  the  loop f i l t e r  used i n  the  

INPUT 

FIGURE 2: Loop f i l t e r  f o r  second order  phase-lock loop. 

The t r a n s f e r  f u n c t i o n  o f  t h i s  f i l t e r  i s  

where T~ = R2C and T~ = RIC. 

o f  t h i s  f i l t e r .  

F igure  3 shows t h e  Bode p l o t  o f  the  frequency response f u n c t  

5) 

on 

FIGURE 3: Log-log p l o t  o f  f i l t e r  t r a n s f e r  f u n c t i o n  

S u b s t i t u t i o n  o f  Eq. ( 5 )  i n t o  Eq. ( 2 )  y i e l d s  the  open loop frequency response func t i on .  
.7 

wnL + 2 j w n  w 
G ( j w )  = - 2 

w eq 
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where 

and 

The f i r s t  requirement which must be s a t i s f i e d  by t h e  l oop  parameters i s  t h a t  t h e  c losed 
loop i s  s tab le .  
c i e n t  requirement f o r  t h e  phase-lock l oop  t o  be s t a b l e  i s  t h a t  t h e  s lope o f  t h e  Bode p l o t  o f  

I G  
p l o t  o f  I G  

Since t h e  t r a n s f e r  f unc t i on  G (s) has-no poles o r  zeroes f o r  s > o a s u f f i - '  
eq 

( j w ) l  be l e s s  steep than -12 dB/octave a t  t h e  p o i n t  where IG ( j w ) l  = 1 [3]. The Bode 
eq eq 

( j w ) l  i s  shown i n  F igu re  4. 
eq 

FIGURE 4 :  Log- log p l o t  o f  t h e  open-loop t r a n s f e r  funct ion.  

I t i s  d e s i r a b l e  f o r  the  loop t o  be c l o s e  t o  c r i t i c a l l y  damped, i . e . ,  5 = 1. A t  c r i t i c a l  
damping t h e  n a t u r a l  frequency o f  t h e  l oop  i s  r e l a t e d  t o  T~ by 

= 2 4  n '  5 = 1 w 

Under t h e  same cond i t i ons  t h e  u n i t y  ga in  f requency i s  

w 1,c = 1 = 4.12/r2. 
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.. , 

The second requirement which must be s a t i s f i e d  by t h e  phase-lock l o o p  r e l a t e s  t o  the  
accuracy w i th  which s p e c t r a l  d e n s i t y  measurements may be made. S u b s t i t u t i o n  o f  Eq. (6 )  

into Eq. ( 4 )  yields 

Since t h e  p r o p o r t i o n a l i t y  f a c t o r  has a h i g h  pass response, i t  i s  po.ssible t o  use an e s s e n t i a l l y  

constant  c a l i b r a t i o n  t o  r e l a t e  Sv ( w )  and S (w ) .  We r e q u i r e  t h a t  
d 

w i t h  no more than 10% e r r o r  f o r  a l l  F o u r i e r  f requencies g r e a t e r  than Zmad/sec. 

c r i t i c a l l y  damped loop t h i s  reduces t o  a requirement on T ~ :  

For t h e  

T~ > 1.4 seconds. 

The NBS-PNMS has T~ = 12 seconds 

The t h i r d  requirement on loop performance i s  t h a t  frequency o f f s e t  between t h e  two 
o s c i l l a t o r s  produces n e g l i g i b l e  phase s h i f t  o f  t h e  o s c i l l a t o r s  away f rom quadrature. I n  

the  i d e a l  loop t h e  phase e r r o r  f o r  a frequency e r r o r  Av i n t roduced a t  t ime t = o i s  

-w t n = 2nAvt e $ e r r o r  

I n  t h e  ac tua l  c i r c u i t  there  i s  a f i n i t e  phase e r r o r  due t o  the  l i m i t e d  loop g a i n  o f  t h e  

a m p l i f i e r  o f  F ig .  2 .  compared,to i t s  

value f o r  a f i r s t  o rder  loop.  T y p i c a l l y  the  e r r o r  i s  l e s s  than the  r e s i d u a l  phase e r r o r  

due t o  t h e  vo l tage o f f s e t  a t  the  mixer  ou tpu t  and should be much l e s s  than one degree. 

5 I n  t h e  NBS-PNMS t h e  phase e r r o r  i s  reduced by 10 

I I I .  OPERATION 

There are  two modes o f  opera t ion  which p e r m i t  e i t h e r  t h e  comparison o f  two (equa l )  
o s c i l l a t o r s  a t  10.23 MHz o r  t h e  comparison o f  a s i n g l e  10.23-MHz o s c i l l a t o r  w i t h  a 5-MHz 

o s c i l l a t o r  and a syn thes izer .  
sw i tch .  

The opera t ing  mode i s  se lec ted  by a s i n q l e  f r o n t  panel 

Equal o s c i l l a t o r  mode 

Turn t h e  ins t rument  on. 
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I n  t h i s  mode the  t o t a l  phase no ise  from two 10.23 MHz o s c i l l a t o r s  may be measured. 

The two o s c i l l a t o r s  a re  connected t o  i npu ts  A and B. The i n p u t  vo l tage ( 7  dBm nominal)  

should be as l a r g e  as poss ib le  b u t  t he  i n p u t  c u r r e n t  should n o t  exceed 40 mA peak. The 

beat between the  two o s c i l l a t o r s  may be observed a t  the  a m p l i f i e r  1 ou tpu t  o r ,  i f  i t  i s  

s u f f i c i e n t l y  slow, on the  meter w i t h  the  meter  sw i t ch  i n  p o s i t i o n  AMP 1. 

l i g h t  should be on. 

The ou t -o f - l ock  

With the  Set Up-Lock sw i t ch  i n  the  Set Up p o s i t i o n  t h e  va rac to r  input o f  one o s c i l l a t o r  

should be connected t o  the  servo-output  connector. 

-see if the  p o l a r i t y  o f  the  dc b ias  vo l tage i s  app rop r ia te  f o r  the  o s c i l l a t o r  t o  be c o n t r o l l e d .  
I f  necessary, i t  may be changed by th rowing  the  SPDT sw i t ch  mounted on the  r i g h t  s i d e  a t  t he  

. f r o n t  of t he  i n t e r i o r  s h i e l d  box. 

grounded. 
b ias  c o n t r o l s  ad jus ted  t o  o b t a i n  a beat -per iod  o f  approx imate ly  10 seconds. 

Set Up-Lock sw i t ch  and observe whether the  beat disappears and the  ou t -o f - l ock  l i g h t  goes 

ou t .  
loop  and read jus t  t he  beat p e r i o d  t o  l onger  than 10 sec. 
When the  loop i s  locked t u r n  the  t i m e  constant sw i t ch  CCW t o  achieve the  des i red  loop 

response. 

Before making t h i s  connect ion check t o  

The va rac to r  i n p u t  o f  t h e  o t h e r  o s c i l l a t o r  should be 
Now the  t i m e  constant sw i t ch  should be s e t  t o  minimum and the  coarse and f i n e  

Close the  

I f  phase-lock i s  n o t  achieved w i t h  t h e  t i m e  cons tan t  sw i t ch  s e t  t o  minimum, open the  

Then repeat  the  above procedure. 

I f  the  requ i red  slow beat f requencies are  n o t  o6 ta ined i t  may be necessary t o  ( 1 )  feed- 

back t o  the  o the r  o s c i l l a t o r  o r  ( 2 )  app ly  a b i a s  vo l tage t o  the  o s c i l l a t o r  which i s  n o t  i n  

the  phase-lock loop. 

Before making any phase no ise  measurements i t  i s  necessary t o  determine i f  the  t ime 

constant o f  the  loop has the  proper value, i .e . ,  i f  the  loop i s  near c r i t i c a l l y  damping. 

This i s  done by measuring the  s tep  response o f  the  l oop  which should be an exponent ia l  

decay w i t h  a l / e  t ime constant o f  approx imate ly  3 seconds. 

may be measured w i t h  the f o l l o w i n g  procedure: Connect the  ou tpu t  o f  a m p l i f i e r  #1 t o  a 

s t r i p  cha r t  recorder  o r  an osc i l l oscope .  With the  loop locked and the  s t r i p  c h a r t  recorder  
running a nominal 10” phase s tep  i s  in t roduced by th rowing  the  phase-step swi tch .  The 

response o f  the  l oop  i s  observed on the  recorder .  It should have the  form of a s i n g l e  

exponent ia l  decay w i t h  3 second t ime constant and n o t  more than %lo% overshot.  

The s tep  response o f  the  loop 

Synthes izer  mode 

Operat ion i n  t h i s  mode i s  e s s e n t i a l l y  the  same as i n  the  equal o s c i l l a t o r  mode. Only 

the d i f f e rences  are  descr ibed here. 

A 10.23-MHz o s c i l l a t o r  i s  connected t o  i n p u t  A; a 5-MHz o s c i l l a t o r  and a syn thes izer  a re  

connected t o  the  approp r ia te  i npu ts  (C). The servo ou tpu t  i s  connected t o  the  va rac to r  
i n p u t  o f  the  10.23-MHz o s c i l l a t o r .  The s e t  up procedure i s  t he  same except  t h a t  t he  i n i t i a l  

10 second beat p e r i o d  i s  ob ta ined by a d j u s t i n g  the  syn thes izer  frequency near 11.5 MHz. 

6 



IV. PHASE NOISE MEASUREMENT TECHNIQUE 

I n  Sect ion I 1  we es tab l i shed t h a t  t h e r e  i s  a s imple r e l a t i o n s h i p  between t h e  s p e c t r a l  

We now denote t h e  
d e n s i t y  o f  t h e  vo l tage f l u c t u a t i o n s  a t  t h e  o u t p u t  o f  t h e  phase d e t e c t o r  and t h e  s p e c t r a l  

d e n s i t y  o f  t h e  t o t a l  phase f l u c t u a t i o n s  i n  t h e  o s c i l l a t o r s  under t e s t .  

t o t a l  phase s p e c t r a l  d e n s i t y  

From Eq. (12) we then o b t a i n  

where Kd i s  t h e  s e n s i t i v i t y  o f  t h e  phase d e t e c t o r  i n  v o l t s / r a d .  

a m p l i f i e r  (no. 1)  permanently connected t o  t h e  phase d e t e c t o r  and two a d d i t i o n a l  a m p l i f i e r s  

which may be connected i n  s e r i e s  v i a  t h e i r  f r o n t  panel jacks .  

There is one measurement 

A t  t h e  o u t p u t  o f  a m p l i f i e r  #1 

where K1 i s  t h e  phase s e n s i t i v i t y  a t  t h e  ou tpu t  of a m p l i f i e r  no. 1 and i s  equal t o  g a i n  o f  

amp 1 x Kd. If ampl f iers  2 and/or 3 a r e  used t o  make t h e  measurements t h e  a d d i t i o n a l  g a i n  
i s  taken i n t o  account i n  t h e  f o l l o w i n g  manner 

Where A i s  t h e  t o t a l  g a i n  f o l l o w i n g  a m p l i f i e r  111. 

such an inst rument  one measures t h e  rms vo l tage,  Vrms, i n  some known bandwidth. 
assumption t h a t  the  s p e c t r a l  d e n s i t y  v a r i e s  s l o w l y  w i t h i n  t h e  bandwidth, B, o f  t h e  wave 

ana lyzer  i t  may be est imated t o  be 

The spec t ra l  d e n s i t y  o f  the  ou tpu t  vo l tage,  S V ( f ) ,  i s  measured w i t h  a wave analyzer .  Wi th  

Under t h e  

The f i n a l  formula f o r  S ( f )  i s  
4 
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The measured spec t ra l  dens i t y  o f  phase combines the  phase no ise  from a l l  t h e  o s c i l l a t o r s  

i nvo l ved  i n  the  measurement. 

f u r t h e r  i n t e r p r e t a t i o n  o f  t he  data. 
t e s t  o f t e n  have i d e n t i c a l  design and c o n s t r u c t i o n  and a re  t h e r e f o r e  assumed t o  c o n t r i b u t e  

e q u a l l y  t o  the  measured noise.  

However, sometimes p r i o r  knowledge i s  a v a i l a b l e  which permi ts  

I n  the  equal o s c i l l a t o r  mode t h e  two o s c i l l a t o r s  under 

I n  t h i s  case 

1 S ( f ,  one o s c i l l a t o r )  = - S ( f )  4 2 4  

The phase no ise  measured us ing  the  syn thes izer  mode i s  i n t e r p r e t e d  as . the  no ise  o f  the  s i n g l e  

o s c i l l a t o r  under t e s t .  I n  t h i s  case 

S4( f ,  one o s c i l l a t o r ) , =  S 4 ( f )  

A l l  such i n t e r p r e t a t i o n s  a re  sub jec t  t o  t h e  r e s t r i c t i o n  t h a t  S (f)  exceeds the  measured 

no ise  o f  t he  NBS-PNMS by 6 dB.* 
4 

C a l i b r a t i o n  

A m p l i f i e r s  2 and 3 each have a nominal ga in  o f  10 and bandwidth o f  40 KHz. 

c a l i b r a t i o n  o f  t he  NBS-PNMS which must be per formed- for  each measurement set-up i s  K1, t he  

phase s e n s i t i v i t y  a t  the  ou tpu t  o f  a m p l i f i e r  81. The phase S e n s i t i v i t y  i s  cons tan t  t o  1 dB 
up t o  10 KHz. 

The on ly  

The recommended technique f o r  measuring K1 i s  sumnarized below: 

With the  phase-lock loop open record  t h e  beat (ou tpu t  o f  a m p l i f i e r  #1)  between the  two 
I f  necessary change on ly  the  b i a s  vo l tage t o  o b t a i n  o s c i l l a t o r s  on a s t r i p  c h a r t  recorder .  

a s u f f i c i e n t l y  sho r t  beat p e r i o d  (approximately 10 sec).  

zero c ross ings  on the  cha r t  determines 1~ rad  and the  s lope o f  the  l i n e  near  the  zero c ross ing  
i s  K1 i n  vo l t s / rad .  It i s  impor tan t  t o  use o n l y  the  reg ion  w i t h i n  ? 7r/6 o f  the  zero c ross ing  

i n  o rde r  t o  l i m i t  t o  5% the  e r r o r  due t o  the  f a c t  t h a t  s ine  0 # @. 

The d is tance between ad jacent  

Two o the r  methods may be used t o  determine K1 b u t  they  have l a r g e  p r o b a b i l i t y  o f  

systemat ic e r r o r  and are  t h e r e f o r e  n o t  recommended f o r  p rec i se  measurements. 

o f  these methods i s  t o  measure V 
o s c i l l a t o r s  a t  the  ou tpu t  o f  a m p l i f i e r  #1 d i v i d e d  by the  i n p u t  phase s h i f t  i s  K1. 

t i o n s  from the  phase de tec to r  cause t h i s  technique t o  s u f f e r  systemat ic  e r r o r s .  

The f i r s t  

the  peak-to-peak ampl i tude of beat between the  two 
P t P  

Ref lec-  

* I n  the  pas t  the  q u a n t i t y  f ( f )  has been used t o  descr ibe  the  phase no ise  o f  an i n d i v i d u a l  
device. f ( f )  was de f ined as the  r a t i o  o f  t he  power pe r  h e r t z  bandwidth i n  one phase no ise  
sideband o f f s e t  a frequency f from the  c a r r i e r  t o  the  t o t a l  s igna l  power. For<@'> << 1 

1 ( f )  = - S ( f ,  one o s c i l l a t o r ) .  ' 0  
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V .  INTERNAL NOISE OF NBS-PNMS 

Equal o s c i l l a t o r  mode 

A s i n g l e  o s c i l l a t o r  a t  10.23 MHz w i t h  a power o u t p u t  o f  approx imate ly  0 dBm was 

connected t o  t h e  A and B i n p u t s  as shown i n  F ig .  6. 

- DELAY L I N E  MH'tTO I N P U T  A 
P H A S E  S H I F T E R  

""', A M P L I F I E R  A M P L I F I E R  
1 mW 

L 1 0 . 2 3  MHz --TO - I N P U T  6 

A M P L I F I E R  

FIGURE 6: B lock diagram f o r  equal o s c i l l a t o r  mode c a l i b r a t i o n .  

The servo ou tpu t  was connected t o  t h e  varac tor  i n p u t  o f  t h e  o s c i l l a t o r  and t h e  Set Up-Lock 

swi tch  was i n  t h e  Set Up p o s i t i o n .  
i n p u t s  were i n  phase quadrature, i .e . ,  t h e  dc ou tpu t  f rom t h e  a m p l i f i e r  #1 was n u l l e d .  
Table I l i s t s  t h e  measured phase no ise  which i s  t h e  no ise  f l o o r  i n  t h i s  mode. 

The phase s h i f t e r  was then ad jus ted  so t h a t  the  two 

' 

TABLE I 

NBS-PNMS NOISE FLOOR 
EQUAL OSCILLATOR MODE ( @  0 dBm d r i v e )  

1 

2 

5 

10 
20 

50 

100 

200 

500 
1000 

2000 

5000 

S ( f )  dB 

-123 

-126 

-130 

-133 
-1 35 

-1 40 

-142 
-145 

-147 
-1 47 

-148 

-147 

9 ( f )  dB 

-1 29 

-1 32 

-1 36 

-1 39 
-141 

-146 

-148 
-151 

-153 
-153 

-1 54 

' -153 
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Synthesizer  mode 

Figure 7 i s  

7 x 2  ' O ' O  MH%TO INPUT C 
* (11.5 MHz) 

the  b lock  diagram f o r  t h e  measurement o f  system no ise  i n  t h e  syn thes i ze r  mode. 

I SOLAT I ON 
AMPL I FIER 4yTa- ATTENUATOR 

TO ( 5  MHz) INPUT C 

FIGURE 7: Block diagram f o r  syn thes i ze r  mode c a l i b r a t i o n .  

The syn thes i ze r  a t  10.20 MHz i s  s u b s t i t u t e d  f o r  t h e  10.23 M H t - o s c i l l a t o r .  

s igna l  i s  mixed w i t h  t h e  i n t e r n a l l y  doubled 5-MHz i n p u t  t o  produce a 200-KHz beat.  

e x t e r n a l l y  generated 10 MHz s u b s t i t u t e s  f o r  t h e  11.5-MHz syn thes i ze r .  

measured phase no ise  which i s  t h e  no ise  f l o o r  i n  t h i s  mode. 

I n t e r n a l l y  t h i s  

The 

Table I 1  l i s t s  t h e  

TABLE I 1  

2 

5 

10 

20 

50 

100 
2 00 
500 

1000 

2000 

5000 

NBS-PNMS NOISE FLOOR 
SYNTHESIZER MODE (@ 3 dBm d r i v e )  

S4( f )  dB 9 ( f )  dB 

-112 

-117 
-1 20 

-123 

-1 25 
-1 26 

-127 
-1 33 

-1 36 

-1 40 
-142 

-115 

-1 20 
-123 

-1 26 

-1 28 
-129 

-1 30 
-1 36 

-1 39 
-143 

-145 
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SPECIFICATIONS 

POWER SOURCF : 110 Vac 
INPUTS : A and B 7 dBm nominal, 40 mA Maximum peak c u r r i w t  

7 dBm nominal, 40 mA Maximum peak c u r r e n t  

A = 10.0 .f 0.05 / A f 3  dB > 40 KHz 
A = 10.0 -f 0.05 / A f 3  dB > 40 KHz 

C (5  MHz) 0.7 - 1.25 V n s  
C (11.5 MHz) 

Thru a m p l i f i e r  #2 
Thru a m p l i f i e r  #3 

GAIN/BANDWIDTH: Thru a m p l i f i e r  #1 AF3dBm > 23 Kllz 

BIAS : p o s i t i v e  o r  negat ive,  0 t o  10 V.  
PHASE STEP : 10" nominal 
PHYS1,CAL S I Z E  : 19" r e l a y  rack  chassis, 5 1/4" h i g h  x 17" deep 

REFERENCES 

[ I ]  Gardner, F l o y d  M., Phaselock Techniques (John Wi ley and Sons, New York, 1966) p. 7 

[2 ]  Cut le r ,  L .  S. and Searle, C.L, Some Aspects o f  t h e  Theory and Measurement of Frequency 

F l u c t u a t i o n s  i n  Frequency Standards, Proc. I E E E  54, 136 (1966). 

[3] Melsa, James L. and Schul tz ,  Donald G., L i n e a r  Contro l  Systems (McGraw H i l l ,  New York, 

1969) pp; 208-213. 
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